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ABSTRACT
The observation by the CLEO Collaboration of the decays B(+,0) →
K(+,0)η′ is shown to imply a significant but still uncertain contribution
from the flavor-SU(3)-singlet component of the η′. By comparing the rate
for these decays with others for decays of B mesons to two pseudoscalar
mesons, it is shown that the prospects for observing CP-violating asym-
metries in certain modes such as B+ → pi+η and B+ → pi+η′ are quite
bright.
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The CLEO Collaboration [1] has recently reported the decays B+ → K+η′ and
B0 → K0η′ with branching ratios of (7.1+2.5
−2.1± 0.9)× 10−5 and (5.3+2.8−2.2± 1.2)× 10−5,
respectively. In the present note we show that these results, when combined with other
information on decays of B mesons to pairs of light pseudoscalar mesons, indicate
that the Kη′ decays receive a significant contribution from the flavor-SU(3)-singlet
component of the η′. We use present information to predict the rates for charged
and neutral B’s to decay to (pi or K) + (η or η′). By searching for processes in
which contributions of different weak decay amplitudes are comparable to one another,
we show that there is a high likelihood for observable CP-violating asymmetries in
the decays B+ → pi+η and B+ → pi+η′. A similar conclusion was reached earlier
by Barshay, Rein, and Sehgal [2] on the basis of a different analysis. Others have
emphasized previously the potential for CP-violating rate asymmetries to be exhibited
in decays of B mesons to pairs of charmless mesons [3].
The contribution to B+ → K+η′ from a new penguin amplitude, occurring only
in decays involving a flavor SU(3) singlet component in the final pseudoscalar meson
state, was noted in Refs. [4, 5, 6]. While one possibility for this contribution [2, 7, 8]
is an intrinsic cc¯ component in the η′, more conventional mechanisms [8, 9] (e.g.,
involving gluons) also seem adequate to explain the observed rate. Some enhancement
of conventional mechanisms may be needed to explain the large rate for the inclusive
process B+ → η′ +X . We shall not be concerned here with the inclusive process.
We list the relevant decay amplitudes associated with a flavor-SU(3) decompo-
sition [5, 6, 10, 11, 12, 13, 14, 15] in Tables I and II. Unprimed amplitudes denote
∆S = 0 decays; primed amplitudes denote |∆S| = 1 decays. An amplitude t (t′) de-
scribes a tree-graph contribution, c (c′) describes a color-suppressed process, p (p′) a
penguin graph contribution coupling to a pair of quark-antiquark mesons, and s (s′)
an additional penguin contribution coupling specifically to the flavor-SU(3)-singlet
component of the η or η′. All these amplitudes are defined in such a way [15] as to
include contributions from electroweak penguin terms [16].
We assume the η and η′ are mixed so that η = (uu¯ + dd¯ − ss¯)/√3 and η′ =
(uu¯ + dd¯ + 2ss¯)/
√
6, corresponding to an octet-singlet mixing angle of θ = −19.5◦.
The p′ contribution to B → Kη vanishes for this mixing [14, 15, 17]. More details
justifying this assumption are discussed, for example, in Refs. [4], [5], and [12]. Other
phase conventions for pseudoscalar mesons may be found in Ref. [13]. We have
neglected all annihilation- and exchange-type amplitudes, which are expected to be
highly suppressed in comparison with those shown.
In Tables I and II we have also calculated expected squares of contributions of
individual amplitudes to decays. We ignore for present purposes any interference
between tree (t or t′) and other amplitudes. We consider two possibilities for the
relative phase of the two predominant amplitudes, p′ and s′, in the decay B+ → K+η′.
The cases (a) and (b) listed in the Tables correspond to constructive interference and
no interference between these amplitudes. [Destructive interference would imply a
singlet amplitude s′ so large that the predicted value of B(B+ → K+η) would exceed
the current 90% confidence level (c.l.) bound [1] B(B+ → K+η) < 8× 10−6.]
Interference between amplitudes becomes important when they are not too dif-
ferent in magnitude, which occurs in several cases which we shall identify presently.
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Table 1: Summary of predicted contributions to selected ∆S = 0 decays of B mesons.
Rates are quoted in branching ratio units of 10−6. Rates in italics are assumed inputs.
Decay Amplitudes Denom. |t|2 |p|2 |s|2 rate
factor rate rate (a) (b)
B+ → pi+pi0 t+ c −√2 4.1 0 0 0
→ K+K¯0 p 1 0 0.8 0 0
→ pi+η t+ c+ 2p+ s −√3 2.8 1.0 0.06 0.24
→ pi+η′ t+ c+ 2p+ 4s √6 1.4 0.5 0.4 1.9
B0 → pi+pi− t+ p −1 8.3 0.8 0 0
→ pi0pi0 p− c √2 0 0.4 0 0
→ K0K¯0 p 1 0 0.8 0 0
→ pi0η 2p+ s −√6 0 0.5 0.03 0.12
→ pi0η′ p+ 2s √3 0 0.26 0.2 0.9
(a): Constructive interference between p′ and s′ amplitudes assumed in B+ → K+η′.
(b): No interference between p′ and s′ amplitudes assumed in B+ → K+η′.
Table 2: Summary of predicted contributions to selected |∆S| = 1 decays ofB mesons.
Rates are quoted in branching ratio units of 10−6. Rates in italics are assumed inputs.
Decay Amplitudes Denom. |t′|2 |p′|2 |s′|2 rate
factor rate rate (a) (b)
B+ → K0pi+ p′ 1 0 16 0 0
→ K+pi0 t′ + c′ + p′ −√2 0.20 8 0 0
→ K+η t′ + c′ + s′ −√3 0.13 ≃ 0 1.2 4.9
→ K+η′ t′ + c′ + 3p′ + 4s′ √6 0.07 24 9 39
B0 → K+pi− t′ + p′ −1 0.4 16 0 0
→ K0pi0 p′ − c′ √2 0 8 0 0
→ K0η c′ + s′ −√3 0 ≃ 0 1.2 4.9
→ K0η′ c′ + 3p′ + 4s′ √6 0 24 9 39
(a): Constructive interference between p′ and s′ amplitudes assumed in B+ → K+η′.
(b): No interference between p′ and s′ amplitudes assumed in B+ → K+η′.
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We do not quote contributions of color-suppressed amplitudes, neglecting them in the
ensuing discussion. We determine amplitudes in the following manner.
(1) The magnitude of the p′ amplitude is estimated by averaging the observed
branching ratios [18]
B(B0 → K+pi−) = (15+5+1
−4−1 ± 1)× 10−6 (1)
and
B(B+ → K0pi+) = (23+11+2
−10−2 ± 2)× 10−6 (2)
to obtain the estimate |p′|2 = 16.3±4.3, where all squares of amplitudes in the Tables
are quoted in branching ratio units of 10−6. In B0 → K+pi− we have neglected the
small t′ contribution, an assumption which will be seen to be justified. If the rates
for (1) and (2) are found to be unequal, the neglect of the t′ amplitude (or of some
other contribution) may not be valid. In that case the possibility of a CP asymmetry
in (say) B0 → K+pi− may be significantly enhanced.
(2) The magnitude of the p amplitude is estimated to be |p| = |Vtd/Vts||p′|, where
Vtd and Vts are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. With
an uncertainty of about a factor of two, |p|2 ≃ |p′|2/20 ≃ 0.8.
(3) The |p′|2 contribution to the decay B+ → K+pi0 is estimated to be about 8,
whereas [19]
B(B+ → K+pi0) + B(B+ → pi+pi0) = (16+6+3
−5−2 ± 1)× 10−6 . (3)
Thus there is room for a significant B+ → pi+pi0 signal. While 90% c.l. upper limits of
B(B+ → pi+pi0) < 20× 10−6 and B(B0 → pi+pi−) < 15× 10−6 are quoted in Refs. [1],
Ref. [19] also quotes a 2.8σ signal of
B(B+ → pi+pi0) = (9+6
−5)× 10−6 (4)
and a 2.2σ signal of
B(B0 → pi+pi−) = (7± 4)× 10−6 . (5)
Taking (4) as an estimate of |t|2/2 = 9±5.5 (neglecting the color-suppressed amplitude
c in B+ → pi+pi0), and (5) as an estimate of |t|2 = 7 ± 4 (neglecting the penguin
amplitude p in B0 → pi+pi−), we find |t|2 = 8.3± 3.8.
(4) The value of |t′| = |Vus/Vud||t| is estimated without accounting for SU(3)-
breaking to lead to |t′|2 ≃ |t|2/20 ≃ 0.4. It could be slightly higher if one applied a
correction [14] of a factor of |fK/fpi|2.
(5) The |p′|2 contribution to the B → Kη′ branching ratio (in units of 10−6) is
(3/2)|p′|2 = 24 ± 6; it cannot account for the observed value of 63+20
−18 (our average
for charged and neutral modes, where |t′|2 and |c′|2 contributions are assumed to be
negligible). Assuming constructive interference between p′ and s′ in B → Kη′ we
find the |s′|2 contribution to the rate to be about (8/3)|s′|2 = 9, with an additional
contribution of 30 from the s′–p′ interference term. [The enhancement of the B →
Kη′ rate by a modest s′ amplitude interfering constructively with p′ was noted by
Lipkin, last of Refs. [17].] If the interference term is absent (i.e., if the relative phase
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of the amplitudes is pi/2) then one needs an |s′|2 contribution of (8/3)|s′|2 = 39
to the rate. Henceforth we shall work only with central values of amplitudes for
illustrative purposes; the uncertainty in |s′| due to the uncertainty in its phase relative
to |p′| generally exceeds that due to experimental error. (If one allows the B → Kη′
branching ratio to be at its −1σ value, s′ can even be considerably smaller, with
(8/3)|s′|2 ≃ 4, when s′ and p′ interfere constructively in this decay.)
(6) Since we expect |s/s′| = |Vtd/Vts| if both s and s′ are dominated by the top
quark, we choose |s|2 = |s′|2/20. (If in fact |s/s′| = |Vcd/Vcs| as a result of charmed
quark dominance of this type of penguin contribution, the result is the same.)
The results in the Tables may be interpreted in the following manner.
(i) Any contribution of order 10 or greater (corresponding to a branching ratio of
10−5) has been observed.
(ii) A contribution greater or equal than 1 should be observable in the next gen-
eration of CLEO experiments, with improved sensitivity and particle identification.
Thus the decays B0 → pi+pi−, B0 → K0pi0, B+ → K+η, B+ → pi+η, and B+ → pi+η′
should all make their appearance, while B+ → K+pi0 and B+ → pi+pi0 should be
resolved from one another. For example, one expects B(B+ → pi+η) ≃ 4× 10−6 and
B(B+ → pi+η′) = (2 to 4)×10−6, where the current upper bounds [1] are 8×10−6 and
45 × 10−6, respectively. The first limit is already quite close to our prediction. The
above branching ratios are about a factor of 2 larger than those predicted in Ref. [2].
(iii) The amplitudes for B0 → K0pi0, B0 → K0η, and B0 → K0η′ satisfy
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√
2A(B0 → K0pi0)− 4
√
3A(B0 → K0η) =
√
6A(B0 → K0η′) . (6)
Aside from small c′ contributions, the terms in this triangle relation are dominated by
p′ and s′ contributions. Since p′ and s′ are expected to have the same weak phase, the
shape of the triangle will tell us about the relative strong phase of these amplitudes.
Neglecting t′ contributions as well, one can write
3A(B+ → K0pi+)− 4
√
3A(B+ → K+η) =
√
6A(B+ → K+η′) , (7)
which is easier to measure. The main uncertainty lies in the value of the branching
ratio for B+ → K+η. If s′ involves strong rescattering from charm-anticharm states
[2, 3, 8, 9], its strong phase could differ from that of p′ (and hence also possibly t′).
(iv) Processes with two contributions both of which exceed 1 are prime candi-
dates for observable direct CP violation if both strong and weak phases of the two
amplitudes differ from one another. The weak phases of the t (tree) and p (penguin)
contributions in B+ → pi+η are expected to be γ and −β [20], respectively, while the
relative strong phases are unknown. In the case of B+ → pi+η′, if its s contribution is
dominated by the charmed quark penguin, a significant strong phase shift could arise
from the real cc¯ intermediate state. One could thus have a large strong phase shift
difference between the s and t amplitudes in B+ → pi+η′. The weak phases of these
two amplitudes are also different: the charm penguin is approximately real, while the
t amplitude has a weak phase γ.
(v) Our focus has been on the observability of direct CP violation in decays such
as B+ → pi+η and B+ → pi+η′. These processes may not be the first to exhibit CP
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asymmmetries; asymmetric B factories will search for mixing-induced asymmetries,
in which the time dependence of the decays must be studied. A time-dependent
asymmetry measurement in B0 → KSη′ would provide a clean determination of the
weak phase β. Our result, |p/t| = 0.3, implies a rather large “penguin pollution” in
the analysis of the time-dependent decay asymmetry in B0 → pi+pi−, compatible with
previous estimates [14, 21]. In order to resolve such effects using isospin symmetry
[22], one would have to measure B0 → pi0pi0, for which the |p|2 contribution to the
branching ratio is only 0.4×10−6. (The contribution of the color-suppressed amplitude
c is highly uncertain but unlikely to be much larger.) An alternative way to resolve
the penguin pollution question in B0 → pi+pi− is to rely on flavor SU(3) to link this
decay with various B → Kpi modes [21, 23], all of which have large rates.
To summarize, we have used existing data on B → Kη′ and other two-body modes
involving pairs of light pseudoscalar mesons to anticipate observable CP-violating
effects in the decays B+ → pi+η and B+ → pi+η′. Since experimental errors are
still quite large, the same procedure, based only on flavor SU(3), can and should be
applied to better data when they become available. In that case one will be able to
test for effects of interference among various amplitudes which have been ignored here
(applying, for example, amplitude relations noted in Refs. [4, 5, 6]). One welcome
improvement in data will be a better estimate of |p/p′|2 and |s/s′|2, which, under the
assumption of top quark dominance, we have taken to be |Vtd/Vts|2 ≃ 1/20, with an
uncertainty of a factor of 2.
A rule of thumb for observable CP-violating effects is that one must at least be
able to observe the square of the lesser of two interfering amplitudes at the nσ level
in order to observe an asymmetry at this level [24]. Our results indicate that this
sensitivity threshold is passed for decays of the form B+ → pi+η and B+ → pi+η′
when branching ratios of order 10−6 become detectable in experiments sensitive to
both charged and neutral final-state particles.
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